Abstract-A catheter-based RF receiver for internal magnetic resonance imaging is described. The device consists of a doublesided thin-film circuit, mounted on a hollow catheter. The system was originally designed for biliary ductal imaging, but is also potentially useful for vascular imaging. Signals are detected using a resonant L-C circuit at the catheter tip, transmitted along the catheter using an array of coupled L-C resonators, and coupled into a conventional RF system using a demountable inductive transducer. Protection against external B 1 and E fields is obtained by using figure-of-eight-shaped elements with an electrical length shorter than that of an immersed half-wave dipole. Electromagnetic modeling software (AWR Microwave Office) is used to analyze a system designed for 1 H imaging at 1.5T, determine the effect of the tissue surround, demonstrate signal detection and transmission and verify intrinsic safety.
I. INTRODUCTION

B
ECAUSE of their close proximity to the target tissue and restricted field of view for body noise, catheter based RF receivers can offer a significant local signal-to-noise ratio advantage over surface array coils in magnetic resonance imaging (MRI). A wide variety of catheter coils have therefore been developed for arterial imaging [1] - [6] , or for tracking of catheter devices [7] - [9] . Despite this advantage, any devices containing conductors (including detection coils and output cables) that are immersed in tissue can induce potentially dangerous RF heating during the excitation phase of MRI.
Firstly, resonant loops may couple directly to the B 1 field of the scanner's RF transmitter. The effect is minimized by the switched insertion of high impedance into the loop during excitation [10] , [11] . Secondly, surface waves [12] may be excited on extended lengths of conductor by electric fields, particularly near tuning capacitors in the transmitter coil. If these waves are resonant, the result may be rapid heating [13] - [16] . Unfortunately, the conductors are often closely surrounded by tissue, whose dielectric constant is high at standard clinical frequencies (63.85 MHz for 1 H MRI at 1.5 T) [17] , so the resonant length is short. Development of decoupling methods to control spurious resonances is more difficult for long conductors. Current approaches include insertion of RF Manuscript received October 8, 2013 ; revised December 17, 2013 ; accepted December 23, 2013 . Date of publication January 2, 2014; date of current version March 18, 2014 . The associate editor coordinating the review of this paper and approving it for publication was Prof. Octavian Postolache.
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traps [18] , [19] , transformer segmentation [20] , [21] and reversal of conductor directions [22] . We have been studying catheter receiver designs for local MRI of the biliary ductal system. In this case, access may be provided by passing a catheter into the duct through the biopsy channel of a side-opening duodenoscope [23] . A long, smooth, flexible catheter is required, which must also contain a guide wire lumen to assist with cannulation. We have developed flexible thin-film circuits, which can be attached to the outside of a hollow catheter using heat-shrink tubing. Early versions used a printed coil and a coaxial output, while intermediate versions combined a printed coil and a printed cable. The most recent used a printed, transformer-segmented line known as a magneto-inductive (MI) waveguide. The catheters are small and flexible enough for endoscopic delivery, provide an image along their entire length, and are decoupled from both the B 1 and E fields [24] . The approach is general enough to allow the addition of RF detection to many types of catheter.
Development has involved lumped element modeling and iterative experiment. However, the structures are distributed systems immersed in a surrounding medium and subjected to external fields, which cannot easily be described using equivalent circuits. The aim of this paper is therefore to provide a full electromagnetic simulation of signal detection and transmission, especially emphasizing decoupling and safety. MI waveguides and imaging devices are introduced in Section II. Commercial modeling software (AWR Microwave Office) is used to determine the effect of surrounding media in Section III, simulate signal detection and transmission in Section IV, and verify decoupling from external fields in Section V. Conclusions are presented in Section VI.
II. MAGNETO-INDUCTIVE IMAGING CATHETERS
In this section we briefly review the properties of magnetoinductive waveguides and MRI detectors, using low-frequency lumped element circuit theory.
A. Magneto-Inductive Waveguides
MI waveguides are linear arrays of magnetically coupled low-frequency L-C resonators with internal resistances R as shown in Fig. 1(a) [25] .
Assuming nearest neighbour interaction, the resonators are coupled together by mutual inductance M. For an infinite guide, the currents I n−1 , I n and I n+1 at angular frequency ω are related using the recurrence relation: Assumption of wave solutions I n = I 0 exp(-j nka), where I 0 is the wave amplitude, k the propagation constant and a the period, leads to the dispersion relation:
Here, ω 0 = 1/ √ (LC) is the angular resonant frequency and Q = Q 0 ω/ω 0 , where Q 0 = ω 0 L/R is the quality factor. Generally the propagation constant is complex. Writing k = k -jk and assuming that k is small, one obtains:
The upper equation is the dispersion relation for loss-less MI waves. For positive κ, propagation is allowed only over the frequency band 1/
. k a tends to zero and π at the lower and upper band edges. The effect of finite Q-factor is to introduce loss and allow out-of-band propagation. The lower equation is the approximate loss variation. Loss is minimized at resonance (when k a ≈ π/2) and inversely proportional to both κ and Q 0 . The characteristic impedance is jωM sin(ka), which for low loss reduces approximately to the real value Z 0M = ω 0 M at resonance.
MI waveguides have been demonstrated experimentally, but it has been difficult to achieve good performance. Low propagation loss requires resonators with high Q-factors that are strongly coupled to next neighbours. Small variations in the mutual inductance cause reflection. However, stability is achieved using a thin-film cable that can be flexed without changing M [26] . Practical operation also requires transducers for coupling to RF systems with real impedance Z 0 . These can be realized using additional resonant loops with parameters R , L and C as shown in Fig. 1(b) . Provided Z 0M = Z 0 , efficient power transfer can be achieved over most of the MI band if L = L/2 and C = 2C. Matching may still be achieved if Z 0M = Z 0 , but only over a narrow range. Finally, stray capacitance between overlaid elements leads to electric coupling, introducing unwanted high frequency propagation [27] . Fig. 2 shows a magneto-inductive receiver, which consists of a MI waveguide that is impedance matched to the scanner at one end and self-terminating at the other. The parameters L and C are chosen so that ω 0 is the Larmor frequency. At this frequency, Z 0M will not always correspond to the scanner's impedance Z 0 . However, matching can be achieved using a transducer loop, which in general contains inductance L and capacitance C and is also resonant at ω 0 . The transducer is coupled to the waveguide via mutual inductance M , and matching is achieved when ω 2 0 M 2 = Z 0 Z 0M . Self-termination is achieved by adjusting the mutual inductance M between the final element and the detector so that ω 2 0 M 2 = RZ 0M . In this case, a signal V S generated by the scanner will excite a MI wave that travels down to the detector without reflection as shown in Fig. 2(a) . Conversely, a signal in the detector loop will excite a wave that travels back to the scanner.
B. Magneto-Inductive Detectors
MR signals will of course be magnetically induced. This process may be represented as shown in Fig. 2(b) . Here a small loop with impedance Z sig containing a voltage V sig models a group of precessing dipoles. The signal may couple to any of the receiver elements. Because of this, the receiver can act as a detector along its entire length. Depending on the arrangement, the signal may couple to more than one element. In the example here, the signal couples to the detector and the final waveguide element via a mutual inductance M . Several waves are therefore excited. The wave excited in the detector travels to the scanner input as before. However the voltage induced in the waveguide element generates two counterpropagating waves. One travels to the scanner input, while the other is absorbed in the detector. Thus, in general, the detection process is relatively complex.
C. Intrinsic Safety
Further modifications are required to introduce intrinsic safety. Firstly, the resonators must be prevented from coupling directly to B 1 fields. The use of segmentation and the need for catheter integration make it difficult to apply conventional methods based on impedance switching. However, because B 1 fields are generally uniform, some inherent decoupling can be provided by twisting each element into a figure of-eight shape as shown in Fig. 2 (c), so that any voltages induced in the two halves cancel. Secondly, the line must be prevented from coupling to external E-fields. The frequency of the ν th order resonance of a length d of conductor should lie at: Here ν is an integer, c is the velocity of light, and ε r is the effective relative permittivity of the surround. Assuming that ε r = 77 (a representative value for tissue), f 1 will lie at 63.85 MHz when d ≈ 27 cm [18] . The line should therefore be subdivided into lengths shorter than this value. However, even then, there may be a spurious capacitance C S between sections as shown in Fig. 2 (c), which reduces the effect of segmentation. C S is reduced by avoiding exact overlay of the windings. However, the price is a reduction in magnetic coupling, which from (3) translates into an increase in loss.
D. Thin-Film Realization
The circuit in Fig. 2 (c) can be realized in thin-film form using copper-clad polyimide patterned using double-sided exposure and etching. Fig. 3(a) shows a suitable layout. Each inductor is formed in one layer of metal using a track of width w L , as a figure-of-eight shape of length L L and width W L . However, the capacitors are divided into two series-connected components of length L C and width W C that use the substrate as an interlayer. The inductors from adjacent elements occupy different sides of the substrate, so that they may be overlaid with their nearest neighbours, but are offset to minimize C S . Fig. 3 (b) shows three-dimensional representations of the resulting cable, together with a broadband transducer (a halved cable element) and a narrow-band transducer (a two-turn spiral inductor made resonant with a pair of integrated capacitors). The former may be used when Z 0M ≈ Z 0 , and the latter when Z 0M = Z 0 and larger mutual inductance is required. A complete detector consists of N elements of MI cable, with one similar element (whose position is chosen to provide selftermination) forming the detector. The circuit is mounted on a hollow catheter as shown in Fig. 3(c) . The transducer is demountable, allowing M to be varied mechanically.
To pass a biopsy channel, the catheter diameter must be small, typically ≈ 3 mm. To allow sufficient flexibility, the conductor and dielectric layers must be thin. Suitable performance has been obtained using 35 μm Cu on 25 μm polyimide [24] . The overall width W of the circuit must be less than the circumference of the scaffold, with the inductor width W L chosen to place the long conductors on either side of a diameter. The capacitor width W C must then be adjusted to fit the capacitors into the remaining space. Gaps G C1 and G C2 are needed to avoid further parasitic capacitance. The lengths L L and L C of the inductors and capacitors must yield the correct resonant frequency, and the conductor width w L must ensure a high Q-factor. The length L L of each section must be less than the critical resonant length. The number of elements should yield a total length (N + 2) L L /2 sufficient to pass through a duodenoscope (ca 2 m). Suitable dimensions for catheters operating at 63.8 MHz are summarized in Table I .
III. MODELING OVERVIEW, AND CLADDING MATERIALS
To reduce run-times, it was assumed that the circuit is entirely flat (rather mounted on a catheter, or bent as in cannulation), thus avoiding the need for full 3D simulation. Modeling was also carried out using a reduced number (7) of elements in the MI cable. These assumptions allow rapid exploration of layouts, while yielding realistic results. Simulation was carried out with commercial electromagnetic analysis software (Microwave Office, AWR Corp., El Segundo, CA, USA), using the Axiem 3D planar method-of-moments solver.
A. AWR Microwave Office
Axiem assumes a multilayer structure for computation. Initially, four-layer structures containing a single metal layer capable of defining simple wires were modeled, as shown in Fig. 4(a) . Here, layers 1 and 5 are assumed to be uniform polyolefin, with thickness t 1 and t 5 and complex relative permittivity ε rC = ε rC -jε rC . The former mimics the catheter scaffold and the latter the heat-shrink. Layer 2 is assumed to be metal, with thickness t 2 and conductivity σ , and patterned to define an in-plane conductor layout. To allow modeling of tissue immersion, layer 6 was assumed to be a layer of tissue, with thickness t 6 and complex relative permittivity ε rT = ε rT -jε rT .
Six-layer structures containing a second metal layer to allow definition of a full circuit were then investigated, as shown in Fig. 4(b) . Here layer 3 is assumed to be a uniform polyimide interlayer, with thickness t 3 and relative permittivity ε rI = ε rI -jε rI . Layer 4 is assumed to be metal, with thickness t 4 and conductivity σ , and may be patterned to define a separate conductor layout. Finally, once the effect of Fig. 4(c) .
Different devices were simulated, by specifying an appropriate metal layout and ports connecting to sources and loads, each of 50 impedance. The assumed values of the material parameters are shown in Table II . Typically, these are as found in the literature, but the conductivity was reduced from the value obtained in bulk copper (σ = 5.96 x 10 7 S/m) to mimic the relatively poor performance of thin film Cu.
B. Immersed Wires
To begin with, the effect of tissue immersion was simulated using the structure of Fig. 4(a) , with the aim of clarifying the effects of a plastic cover on surface waves. The metal pattern was first chosen to define a long wire of width 0.25 mm, with a pair of weakly coupled short dipoles L G = 1.65 mm away from the wire at either end for electrical excitation and detection as shown in Fig. 5(a) . Calculation of the frequency variation of transmission (S 21 ) then yielded a response containing resonant peaks, each at a frequency f ν corresponding to the ν th order resonance of the wire. Knowledge of (say) f 1 then allowed the effective value of ε r (a weighted average of the permittivity of all the surrounding layers) to be estimated using Equation 4 .
The thickness t 1 and t 6 of the polyolefin substrate and tissue were both taken as 30 mm, the thickness t 2 of the copper was 35 μm, and the thickness t 5 of the polyolefin cover was varied. Fig. 5(b) shows the variation of ε r with t 5 . When t 5 = 0, a value of ε r = 39.1 was obtained. This value is almost exactly equal to (ε r1 + ε r6 )/2, implying that the relative permittivity seen by the wire is the average of the values of the polyolefin support and the tissue surround. However, as t 5 increases, ε r falls towards 2.7, the value for complete immersion in polyolefin. The initial rapid reduction in ε r implies that even a thin cover is sufficient to reduce the wavelength-shortening effect of surrounding tissue significantly. Consequently, designs based on full immersion in tissue and implemented with (say) a 250 μm thick heat-shrink tube will be extremely conservative.
C. Parasitic Capacitance
The origin of the parasitic capacitance C S , and the effect of tissue immersion on C S , was then simulated using the double-layer metal structure of Fig. 4(b) . The thickness of the additional layers were t 3 = 25 μm (polyimide interlayer) and t 4 = 35 μm (second Cu layer). Fig. 6(a) shows a typical arrangement. Here, conductors on the two layers have been offset to avoid parallel-plate effects, but electric coupling is still obtained through fringing fields that penetrate multiple layers of dielectric. As a result, C S may be large if significant field exists in the tissue, which has a high dielectric constant. Problems of this type are important in multilayer VLSI circuits. Unfortunately, analytic evaluation of the capacitance is extremely difficult. Solutions for infinite, asymmetrically placed strips in uniform dielectrics have been obtained using conformal mapping [28] , and similar approaches have been adopted for more complex geometries [29] . However, the problem must generally be tackled numerically.
Here, we have determined the parasitic capacitance using a resonant circuit based on two U-shaped metallic loops provided on the two available metal layers as shown in Fig. 6(b) . The right-hand part of the circuit defines an inductor, whose value may be determined using a known capacitance, while the left-hand part defines two series-connected parasitic capacitors. The circuit response is probed using ports attached to the capacitors, and their value is extracted from the resonant frequency. Fig. 6(c) shows the variation of C S with the cover layer thickness t 5 . Once again, C S falls rapidly from an initial value C S0 when t 5 = 0, stabilizing when t 5 rises to a few hundred microns at the value obtained for an infinitely thick cladding. We may therefore deduce that a plastic heat- shrink also provides an effective shield against the effect of surrounding tissue on fringing fields. Further simulations were therefore carried out using the layer structure of Fig. 4(c) , which omits the tissue layer entirely, and instead assumes a 30 mm thick layer of polyolefin above the circuit.
IV. SIGNAL TRANSMISSION AND DETECTION
We now consider specific circuits of the type shown in Fig. 3 . Layout dimensions largely follow those of the experimental devices given in Table I , but with some small differences. Particularly, 2D simulation of 3D inductors meant that exactly corresponding values of self-and mutual inductance could not be obtained simply by adopting the same inductor width, and slightly modified values were therefore used. These were obtained by trial-and-error, and are as detailed in Table I .
A. Single and Coupled Resonant Elements
The analysis of Sec. II implies that the properties of MI waveguides largely follow from the resistance R, inductance L and capacitance C of a single element and the mutual inductance M. Their effect on dispersion and loss can be summarized in terms of the angular resonant frequency ω 0 = 1/ √ (LC), the coupling coefficient κ = 2M/L and the Q-factor Q 0 = ω 0 L/R. Approximate values of ω 0 , κ and Q 0 were known from comparisons between experimental data and MATLAB models of the circuits in Figs. 1 and 2 . Equivalent values were established in AWR using techniques that mimic experimental methods.
Two simple AWR layouts were first defined as shown in Fig. 7(a) . The upper one is a single resonant element, interrogated inductively using two weak taps. The lower one is a pair of coupled resonant elements, again interrogated inductively. Simulation of the frequency variation of transmission through the upper layout allowed the resonant frequency f 0 = ω 0 /2π and the quality factor Q 0 of a single element to be found from the position and 3 dB bandwidth of the resonance. Similarly, simulation of the lower layout allowed the two resonant frequencies
}inherent in a coupled system to be identified. These values allowed the coupling coefficient to be estimated as κ = 2{ f 2 2 / f 2 1 − 1}/{ f 2 2 / f 2 1 + 1}. In each case, the inductor width W L and the capacitor length L C were initially assumed to have the experimental values, and the conductivity to have the value for bulk copper. The inductor width W L was first adjusted to obtain the correct value of κ. The capacitor length L C was then adjusted to obtain the correct value of f 0 . Finally, the conductivity was adjusted to obtain the correct Q-factor.
Simulations were carried out using air and polyolefin as surrounds. In contrast to the previous section on electric effects, little difference was obtained in the parameter values of the components (whose behaviour is dominated by magnetic effects). Fig. 7(b) shows the variations of κ, f 0 and Q 0 with W L , L C and σ , and Table III details the final values. TABLE III  PERFORMANCE PARAMETERS 
B. Complete Magneto-Inductive Systems
Complete links could then be simulated. For example, Fig. 8(a) shows an AWR model equivalent to Fig. 1(b) . Here a length of cable is connected at either end to input and output ports using halved cable elements acting as a broadband transducers. Fig. 8(b) compares the frequency variation of transmission and reflection (S 21 and S 11 ) predicted using the AWR model and a MATLAB solution of the governing equations for Fig. 1(b) . The transmission is low, except in the MI band from 50 MHz to 120 MHz where it reaches around −5 dB. The agreement between the two models is generally good, except at high frequency, where it rises in the AWR model. When the same data is plotted over an extended frequency range, it is clear that this effect can be attributed to an additional propagation band in the AWR model, which is not predicted using the simple MI waveguide model. This band is due to parasitic capacitance between closely spaced tracks where the inductors are overlaid to achieve strong magnetic coupling, and has the additional effect of reducing the width of the MI band somewhat [27] . The predicted pass-band is reduced from 50-105 MHz to 50-75 MHz, and the predicted loss at 63.85 MHz is increased by 3 dB. Similarly, the reflection is generally high except in the MI band. For both models, S 11 ≈ -20 dB over a reasonable frequency range, indicating that broadband impedance matching has been achieved.
Complete magneto-inductive detectors could then be simulated. For example, Fig. 9(a) shows an AWR model equivalent to Fig. 2(b) . Here a length of cable is connected at one end to an input port using a spiral resonant inductor, which acts as a narrow-band transducer, and at the other end using an element whose position is adjusted to form a matched termination. A weak inductive tap is also provided, to allow transmission to be simulated. In this case, additional dimensional adjustments were required to achieve the correct electrical parameters. The lengths of the capacitors in the transducer were first chosen to set the resonance correctly. The positions of the transducer and detector were then adjusted to achieve impedance matching at either end. Fig. 9(b) shows the frequency variation of S 21 and S 11 predicted using the AWR model and a MATLAB solution of the governing equations for Fig. 2(b) . In the former case, the data were offset by a fixed amount to compensate for the use of a weak tap for sampling. The agreement between the two models is again good. There is again transmission over the MI band, but signal now peaks sharply at the resonant frequency indicating that the system is now functioning as a resonant detector with a Q-factor of ≈ 40. The predicted pass-band is again reduced as described with reference to Fig. 8 . There is also a slight detuning of the resonant peak (by 3 MHz), which would in practice require mechanical tuning of the detector element. For both models, S 11 ≈ −20 dB near the resonant frequency, indicating that narrow-band impedance matching has been achieved.
V. DECOUPLING FROM EXTERNAL FIELDS
We now consider decoupling from external fields. Additional structures are required to generate suitable B 1 and E fields and detect the resulting response.
A. Magnetic Fields
For magnetic fields, external excitation and detection can be carried out using inductive loops as shown in Fig. 10(a) . In the left-hand diagram, an offset loop on the left-hand side is used to excite a single resonant element of the magnetoinductive cable, and a similar loop on the right-hand side is used to detect any current flowing as a result of magnetic induction. In this case the excitation is asymmetric, and the frequency variation of the transmission S 21 between the loops displays a pronounced resonance at 63.85 MHz, as shown in Fig. 10(b) . In the right-hand diagram in Fig. 10(a) , the excitation loop is now placed centrally. In this case the excitation is symmetric, and the resonance is largely absent in the corresponding frequency variation in Fig. 10(b) due to cancellation of the induction. The figure-of-eight layout therefore provides protection against balanced external magnetic fields, but not unbalanced fields.
B. Electric Fields
For electric fields, external excitation and detection can be carried out using antennas as shown in Fig. 11(a) . Excitation was carried out using a short (a tenth of a wavelength long) dipole at the left-hand end of the structure, a distance of 12.5 mm beneath. Detection of any excited currents was carried out using a similar dipole placed at the right-hand end, 12.5 mm above. Two structures were compared: an undivided wire of width 2.0 mm and thickness 0.35 μm (upper diagram) and a magneto-inductive cable (lower diagram), in each case of length corresponding to 7 cable sections. Simulations were carried out with the structure under test covered with a dielectric of relative permittivity ε r = 77, firstly with no cladding at all and secondly with a 30 mm polyolefin lower cladding and a 250 μm thick polyolefin upper cladding. The upper diagram in Fig. 11(b) shows the frequency variation of transmission S 21 for wires. With no cladding, many resonances can be seen, extending as low as 20 MHz. The effect of the cladding is to decrease the effective permittivity seen by the wire, and significantly increase the frequency of the lowest order resonance.
The lower diagram in Fig. 11(b) shows the corresponding frequency variation for the MI cable. The effect of subdivision is, as expected, to raise the frequency of the lowest order resonance. However, the relatively large value of parasitic capacitance C S obtained for the unclad system limits the effect of subdivision, so that the lowest order resonance actually lies below 63.85 MHz. The effect of the cladding is simultaneously to decrease the effective permittivity seen by conductors and to reduce C S . In this case, there are no significant resonances up to at least 150 MHz, and the attenuation in transmission is very substantial indeed. The segmented arrangement then provides extremely effective protection against external electric fields.
VI. CONCLUSION
A detailed investigation of the thin-film circuit used in a catheter probe for high-resolution internal imaging has been carried out using commercial software (AWR Microwave Office). The circuit consists of a self-terminating magnetoinductive waveguide, formed from a set of magnetically coupled L-C resonators with inductors and capacitors that are entirely fabricated by double-sided patterning and etching of copper-clad Kapton. The resonant-elements are formed into figure-of-eight loops to provide inherent rejection of external B 1 fields, and the length of each element is chosen to be less than the resonant length of an immersed dipole at the operating frequency to avoid excitation of standing waves by external E fields. The circuit is wrapped around a catheter and sealed in place with heat shrink tubing, and connection to the circuit is made using an inductive coupling transducer. Potential applications include biliary and arterial imaging.
The catheter architecture is an advance on previous internal probe designs, since it leaves the catheter lumen free for use with the guide-wire needed for reliable cannulation in biliary imaging. However, the position of the thin-film circuit leaves it separated from external tissue only by a thin insulation layer. It is therefore important to understand the precise effect of this layer on MRI safety. This investigation represents the first detailed simulation of such external effects.
The numerical simulations verify previous lumped element circuit analysis. Physical dimensions that give suitable component values have been established, subject to known layout constraints and simplification to a flat circuit. Matching between the MI waveguide and the scanner input has been achieved using a transformer, and matching between the final element of the waveguide and the detector by adjusting their separation. Operation of MI links and receivers has been simulated. The effect of parasitic capacitance between resonant elements has been quantified, and shown to allow additional high-frequency pass-bands for differential mode signals. The effect of an external medium has been clarified. The results show clearly that the heat-shrink tubing used to attach the circuit to the catheter scaffold serves the important function of reducing the effective permittivity of the surround and minimizing the value of parasitic capacitances. As a result, the circuit is indeed decoupled from external B 1 and E-fields and intrinsically safe.
High-resolution imaging with experimental catheter receivers has already been described [24] . Preliminary 1 H MR safety experiments have also been carried out, using a 1.5T GE Signa Excite scanner. MI cables with 2, 3 and 4 sections were suspended in a viscous gel based on polyacrylic acid and saline designed to mimic human tissue as shown in Fig. 12(a) . The temperature was monitored at the cable midpoints and ends with a multi-channel fibre optic temperature probe while scanning with a RF-intensive FIESTA sequence (120 o flip angle, echo time TE = 2.3 ms, repeat time TR = 8 ms) with the cables close to the system body coil. Fig. 12(b) shows the time evolution of the midpoint temperature. Here, differences between probes are attributable to calibration errors. The lack of any temperature rise after 10 minutes RF heating tends to support the simulations presented here. However further work is clearly required to confirm MR safety before in vivo use.
